We have studied the site-specific formation of metastable OCS 2+ in the C1s and the O1s Auger decays of OCS molecules by using an Auger-electron-ion coincidence technique. The coincidence measurement reveals the metastable character of the Auger final states with the (3π) −2 configuration. The formation of metastable OCS 2+ is observed negligibly in the C1s Auger decay and only weakly in the O1s Auger decay, in contrast to the favorable metastable formation previously reported for S2p Auger decay. It is found that the origin of the sitespecificity in the formation of metastable OCS 2+ arises from the localization effect of the valence orbital involved in the Auger transition. The dissociative dication states related to individual fragmentation pathways are also derived from the coincidence measurement.
Introduction
While doubly-charged molecular ions (dications) are inherently unstable due to the Coulomb repulsion between the nuclei, the existence of metastable molecular dications having lifetimes of the order of at least microseconds has been known from mass spectroscopic studies since the 1930s [1] . The stability and the fragmentation of molecular dications have long been subjects of study in the research field of atomic and molecular physics, and a number of experimental and theoretical works have been carried out [2] . However, details of the electronic structures of molecular dications have been largely unknown until recently because of experimental difficulties in studying the inherently unstable species. Experimental breakthroughs for precise spectroscopic studies on molecular dications were made through efficient electronelectron coincidence techniques such as threshold photoelectron coincidence [3] and time-of-flight photoelectronphotoelectron coincidence (TOF-PEPECO) [4] , both of which can provide dication spectra with vibrational resolution. In particular, the TOF-PEPECO method has been successfully applied to studies of the valence double photoionization of various molecules, and the basic properties of the dication states have been clarified [5] .
Besides valence double ionization, molecular dications with two holes in valence orbitals are efficiently produced through Auger decay following core-hole creation in molecules composed of light atoms. The molecular dications thus formed either show metastable character or rapidly dissociate into fragments, depending on the properties of their potential surfaces. Auger electron spectroscopy can provide information on the stability and dissociation properties of the molecular dications [6, 7] . However it is usually difficult to derive detailed dication dynamics from molecular Auger spectra, due to the many overlapping Auger transitions, most of which produce dissociative dication states leading to broad spectral shapes. One promising method for disentangling these complex molecular Auger spectra, and determining the stability and dissociation pathways of the dications, is the coincidence observation of energy-selected Auger electrons and product ions [8] .
Another important property of molecular Auger decay is the site-specificity in the electronic relaxation process relevant to the localization character of the initial core-hole [9, 10] . With the localized positive charges being preserved in the Auger decay, the subsequent molecular fragmentation often takes place accompanying bond-breaking near the atomic site at which the initial core-hole was created. The Auger-electron-ion coincidence technique has also been applied for studying such site-specific phenomena in detail [11] [12] [13] . It is noteworthy that the site-specific formation of the metastable dication following the C1s and O1s Auger decays of CO 2 has been revealed recently by an Auger-electron-ion coincidence method [14] .
In this paper, we report a study of the stability and fragmentation of OCS 2+ formed via Auger decay of OCS molecules using the Auger-electron-ion coincidence technique. The dication spectra of low-lying OCS 2+ states have previously been measured by TOF-PEPECO with vibrational resolution [15] . The overall features of the Auger decays, S2p, C1s and O1s Auger spectra, and assignments of the spectral features based on a semi-empirical calculation have also been reported [16] . The effect of the nuclear motion on the Auger transitions has been theoretically studied [17] . Recently, a high-resolution S2p Auger spectrum, and assignments to metastable states on the basis of a theoretical calculation have been reported [7] . Meanwhile, Auger-electron-ion coincidence experiments have been performed only for S2p core-hole creation, and reported in our previous work [18] , and later in [19] .
In the present work we focus on the Auger decays of OCS following C1s and O1s ionization, in order to elucidate the influence of localized core-holes on the Auger transitions. It is found that the metastable final states are less favored in the Auger transitions subsequent to C1s and O1s ionization, in sharp contrast to the intense production of metastable dications for S2p Auger decay [18] [19] [20] . The site-specific formation of metastable OCS 2+ is discussed by combining our previous result for the S2p Auger decay. The present result also clarifies the dissociative dication states which are related to the individual fragmentation processes.
Experiment
The experiment was performed at the bending magnet beamline BL4B of the UVSOR facility. Synchrotron radiation from the bending magnet was monochromatized to a bandwidth of 0.5 eV by a grazing incidence monochromator. The photon energy scale was calibrated through total ion yield measurements of the inner-shell resonances in OCS. Details of the electron-ion coincidence spectrometer are given in [21, 22] . Briefly, it consists of a double toroidal electron energy analyzer (DTA) [23] and an ion momentum spectrometer, both of which are equipped with time-and positionsensitive detectors (PSDs). The electrons emitted at an angle of 54.7°with respect to the electric field vector of the ionizing light were analyzed in energy by the DTA. The pass energy of the DTA was set to E pass = 240 eV. The resolving power of the DTA was estimated to be better than E pass /ΔE = 100. Following the detection of an electron, fragment ions were extracted from the ionization region into the momentum spectrometer by a pulsed electric field. In this study, the pulsed electric field was set to ensure a 4π-collection solid angle for fragment ions having kinetic energies less than 5 eV. The electron arrival positions and ion arrival positions and times-of-flight (TOFs) were recorded in list format. The PSD for ions was operated in a multi-hit mode to facilitate the identification of dissociation pathways.
Coincidence data sets were recorded at photon energies of 306 eV and 550 eV for C1s and O1s ionization, respectively. To cover a binding energy range of 25-50 eV in the Auger electron observations, we performed two sets of measurements with different settings of the kinetic energy window of the DTA for each core ionization. Auger electron spectra related to the formation of metastable dications and individual fragmentation pathways were extracted from the coincidence data sets in an off-line analysis in which false coincidence events were carefully subtracted from the raw data. False coincidence rates were estimated from separate measurements in which the pulsed extraction field was triggered by signals from a pulse generator, independent of electron detection.
Results and discussion

Conventional Auger spectra
Figures 1(a) and (b) show conventional Auger spectra of OCS following C1s and O1s ionization, respectively. These spectra were derived without discrimination by detected ion species from the coincidence data sets. The Auger spectra are plotted on binding energy scales calculated by subtracting the Auger electron energies from the C1s −1 and O1s −1 ionization energies of 295.43 and 540.28 eV [16] , respectively. The kinetic energy scales are also shown. The spectra exhibit several broad structures resulting from the overlaps of many transitions. We have attached labels to the band structures according to [17] . Although some of the bands, C1, C2, O3, O4, O5 and O6, are not fully resolved in the present study, the measured spectral profile essentially agrees with the previous measurements [16] . The spectral features differ quite significantly from those in the S2p Auger spectrum, which exhibits intense narrow peaks in the binding energy region below 40 eV [16] .
The band structures in the Auger spectra can be assigned in detail from the general agreement with the theoretical Auger energies [17] . The calculated energies of the Auger final states with large transition intensities in the C1s and O1s Auger decays are indicated by the vertical bars in figure 1. For the energies indicated, the energy shifts due to nuclear dynamics are taken into account. Note that the valence electronic configuration of the OCS molecule is described as (6σ) 2 (7σ) 2 (8σ) 2 (9σ) 2 (2π) 4 (3π) 4 . A weak band structure ranging from 30 to 35 eV is observed only in the O1s spectrum. This lowest band O1 is assigned to the formation of (3π) −2 states. In the binding energy region of 35-38 eV, intense band structures are discernible in both spectra. These structures are attributed to the dication states characterized by two-hole configurations; one hole in the 3π orbital and the other hole in the 2π, 9σ, or 8σ orbital. A large number of dication states exist above 38 eV, where both spectra exhibit the most intense band structure; these spectral features are due to the complex overlaps of transitions involving the 7σ, 8σ, 9σ, 2π and 3π orbitals.
Coincidence Auger spectra
To extract Auger spectra filtered by the coincident detection of metastable dications and other individual fragmentation signatures, which we refer to as coincidence Auger spectra, we discriminate the coincidence events using the ion TOF information. As an example, a one-dimensional TOF spectrum of product ions and a two-dimensional map representing the TOFs of the first-hit and second-hit ions on the detector for C1s Auger decays are shown in figures 2(a) and (b), respectively. The one-dimensional TOF spectrum can be used to determine the ion TOF range necessary to extract the coincidence Auger spectrum related to the formation of metastable OCS 2+ , while the two-dimensional TOF map can be used to determine the TOF ranges necessary to select individual ion-pair fragmentation routes. Note that false coincidence events are included in the data plotted in figure 2 .
Prior to discussion of the coincidence Auger spectra, we first describe the dissociation mechanisms of OCS 2+ which can be identified from the two-dimensional map. While false coincidence events appear as horizontal and vertical stripes on the two-dimensional map, true coincidences between ion pairs appear as diagonal island structures. The two-body fragmentations into CO + + S + , O + + CS + and CO + + S 2+ are observed as diagonal structures with slopes of −1, since the two fragments are emitted in opposite directions with the same momenta. The detection of CO + + S 2+ events resulting from the dissociation of triply charged OCS 3+ can be assumed to be due to false coincidences, since the detection window of the Auger electron energy used here is much lower than the triple ionization threshold of OCS at 60 eV [24] . Three-body fragmentations into O + C + + S + , O + + C + S + and O + + C + + S can be identified as diagonal structures with slopes steeper than −1, indicating that sequential processes play a role in the three-body fragmentation of OCS 2+ [25, 26] . [17] . The labels attached in the Auger spectra are adopted from [17] . The coincidence Auger spectra for metastable OCS 2+ and for individual fragmentation pairs are shown in figures 3(a) and (b) for C1s and O1s ionization, respectively. The coincidence Auger spectra for three-body fragmentation to O + + C + + S are not presented, since the count rates were too low to reveal any reliable structure in the derived spectra. The coincidence Auger spectra are normalized to the conventional Auger spectra shown in the top panel of each figure, and thus the spectral intensities directly reflect the decay branching ratios.
For both C1s and O1s Auger decay, the coincidence observation reveals the metastable character of the Auger final states lying in the range 30-35 eV, which are attributed to dication states with two holes in the non-bonding 3π orbital. In contrast to the intense production of metastable OCS 2+ in S2p Auger decay [18] , the metastable final states are less favored in the C1s and O1s Auger decays. This site-specific formation of metastable OCS 2+ is discussed in the next section.
The present observation confirms the dissociative character of the dication states identified in the Auger-electronion coincidence experiment for S2p Auger decay [18] . In general, two-body fragmentation to CO + + S + dominates the dissociation of the dication states lying in the binding energy range 35-45 eV, while the high-lying dication states above 45 eV mainly lead to three-body fragmentation. We here note only the characteristics of the dissociative dication states found in the C1s and O1s Auger decays. For two-body fragmentation to CO + + S + , a small component is observed around 33 eV only in the O1s Auger decay. This weak band structure is peaked at slightly higher binding energy than that related to the metastable dication. Thus this structure can possibly be attributed to Auger decays into vibrationally excited (3π) −2 states which pre-dissociate into CO + + S + with a lifetime shorter than the order of microseconds. It is clear that the O + + CS + channel is correlated with the band structures lying above 38 eV for both C1s and O1s Auger decays. In contrast O + + CS + fragmentation is hardly discernible in S2p Auger decay [18] because of the weak population of the dication states above 38 eV. The structures correspond to the overlap of many Auger final states having two holes in the 7σ, 8σ, 9σ, 2π and 3π valence orbitals. The centers of the band structures are close to the appearance potential of 42.5 eV in the valence double ionization [27] . The OCS 2+ states related to three-body fragmentations to O + C + + S + and O + + C + S + show broad structures above 35 eV, and most three-body fragmentations originate from dication states lying above 40 eV.
3.3. Site-specific formation of metastable OCS
2+
Next we discuss the mechanism of the site-specificity in the production of the metastable dications. Figure 4 shows the metastable OCS 2+ coincidence Auger spectra and conventional Auger spectra following C1s and O1s ionization, along with the corresponding S2p Auger spectra from our previous study [18] . As mentioned above, the metastable character of the dication states is allocated to the (3π) −2 states lying in the binding energy region of 30-35 eV. Note that the binding energy scale for the S2p spectra is calculated with respect to the ionization energy of the 2p 1/2 −1 core-hole state, while the Auger decays from the S2p 3/2 −1 and 2p 1/2 −1 core-hole states (1.2 eV splitting) are overlapped in the Auger spectra. Thus, the metastable (3π) −2 structures in the S2p spectra are observed at slightly higher energy than those for the C1s and O1s Auger decays. While the metastable state is barely observed above 36 eV in the C1s and O1S coincidence Auger spectra, the S2p coincidence Auger spectrum shows a sizable intensity in this range. These structures are possibly due to the formation of the bound (8σ) −1 (3π) −1 and (2π) −1 (3π) −1 states identified in the high-resolution Auger spectrum [7] . The weak structure around 35 eV, and part of the peak structure at 36 eV are attributable to an imperfection in the false coincidence subtraction, since there are no metastable states in this energy region.
Here we concentrate on the formation of metastable dication states with two holes at the non-bonding 3π orbital. The intensity of the metastable dication state in the S2p Auger decay is much higher than those in the C1s and O1s Auger decays (see figure 4) . This site-specific formation of the metastable dications can be qualitatively explained by the spatial distribution of the valence orbital involved in the Auger decay processes. The localization character of the 3π orbital can be quantitatively described in terms of the Mulliken population analysis, and the orbital populations have been calculated to be 0.64, 0.32 and 3.04 for around O, C and S atoms, respectively [16] . Due to the localization of the 3π valence orbital around the S atom, the valence orbital should show a favorable overlap with the S2p core-hole and thus the S2p core-hole can be preferably filled by a 3π electron. Next to the exclusive population around the S atom, the 3π orbital is weakly localized around the O atom. Thus a small amount of the metastable dications is observed in the O1s Auger decay while a nearly negligible yield of the metastable dications is produced in the C1s Auger decay. The present observation confirms the interpretations for the localization effect of valence orbitals on the Auger transitions in OCS [16, 17] . We expect that such site-specific phenomena emerge as a general property of the Auger decays involving localized and non-bonding valence orbitals in molecules. Indeed a similar site-specific production of metastable dications has been observed also in the Auger decays of CO 2 molecules [14] .
Summary
We have studied the site-specific formation of metastable OCS 2+ in the C1s and O1s Auger decays of OCS molecules by using the Auger-electron-ion coincidence technique. The coincidence measurement reveals the metastable character of the Auger final states with a (3π) −2 configuration, and the correlations of the dissociative dication states with individual fragmentation pathways. The metastable final states produced following C1s and O1s ionization are populated with much lower probabilities compared to the observation for the S2p ionization. The origin of the site-specificity in the metastable production can be understood in terms of the localization effect of the valence orbitals involved in the Auger transition. Conventional (dashed red lines) and coincidence (solid blue lines) Auger spectra of OCS following C1s and O1s ionization, compared with the corresponding spectra for the S2p ionization [18] . The coincidence spectra are obtained by filtering with the detection of metastable OCS 2+ . The energy resolution for the C1s and O1s Auger spectra is estimated to be ΔE ∼ 2.4 eV, and that for the S2p Auger spectrum ΔE ∼ 1 eV. Note that the binding energy scale for the S2p Auger spectrum is calculated with respect to the ionization energy of the S2p 1/2 −1 core-hole state. The scale is correct for the Auger transitions from the S2p 1/2 −1 state but is shifted by 1.2 eV for those from the S2p 3/2 −1 state.
